Barents Sea capelin, Mallotus villosus (Mü ller), are preyed upon by many fish, marine mammals, and birds, and are also targeted by a fishery. The Barents Sea is inhabited by other abundant plankton-eaters, such as polar cod (Boreogadus saida), and herring (Clupea harengus), as well as by juvenile demersal fish. The status of the capelin population therefore depends on the abundance and age structure of its spawning stock, the abundance of predators and competitors for food, the strength of yearclasses, and the intensity of fishing. Capelin biomass dropped sharply as a result of increased predation and food competition in the mid-1980s and mid-1990s, and the heavy fishing mortality then forced the spawning stock below its minimum allowable level and contributed to the rapid decline. Management of the capelin fishery should take into account the complex of interactions between species to keep a natural balance in the Barents Sea ecosystem. Exploitation of the capelin stock should be effected with due regard to the necessity to keep the spawning-stock biomass sufficiently large as well as to maintain an adequate food supply for other species.
Introduction
Capelin, Mallotus villosus (Mü ller), are abundant pelagic fish that are widely distributed in the Barents Sea, and many fish species, marine mammals, and birds depend on them for food (Mehl, 1987; Ponomarenko, 1991 Ponomarenko, , 1996 Gjøsaeter, 1998; Dolgov, 1999) . They are preyed on extensively by cod (Gadus morhua), but also by haddock (Melanogrammus aeglefinus), redfish (Sebastes marinus, and S. mentella), plaice (Pleuronectes platessa), Greenland halibut (Reinhardtius hippoglossoides), and other fish species (Yanulov, 1963; Sonina, 1976; Antipova et al., 1990; Kovtsova, 1990) . In addition to this natural pressure on the Barents Sea population, the last three decades have witnessed a burgeoning fishery for the species.
During the 1970s, the healthy status of capelin stocks boosted the fishery, and annual catches in the Barents Sea ranged from 1 000 000 to 2 900 000 t. Then, in 1979, it was clear that the fishery had to be managed carefully, so a start was made in imposing allowable catches.
However, this action failed to preclude a sharp reduction in population size and abundance, and fishing had to be halted for the years 1986 and 1993 -1998 .
The results of capelin investigations and analysis of data collected between 1970 and 2000 have allowed us to advance reasons for the massive fluctuations in stock abundance. As in most fish species with a short life 1996 1992 1988 1984 1980 1976 Figure 1. Barents Sea capelin total stock (white histograms), spawning stock (shaded histograms), total catch (heavy line), and consumption by cod (light line), 1972-2000. history, capelin year-class strength fluctuates considerably. Favourable environmental conditions during the early life of the species, scarcity of trophic competitors and predators, and a large parent stock size of older fish (which allows for high population fecundity) have all contributed to increased recruitment and strong year-classes entering the fishery. However, opposite pressure from the first two of these factors makes for a rapid reduction in abundance of newly appearing year-classes.
The initial factors determining the strength of capelin year-classes are the abundance and age structure of the parent stock (population fecundity) and the viability of the eggs spawned, which depends on feeding conditions just before the spawning season. Investigations by, for instance, Ushakov and Shamrai (1995) have shown good correlations between year-class strength and abundance of the spawning stock (r=0.87), population fecundity (r=0.86), and fatness of capelin during their autumn feeding period (r=0.87). However, the correlations are often masked by the overwhelming effects of other, negative factors, among which the abundance of trophic competitors and predators dominate. In this respect, abundance of young cod and herring exerts downward pressure on the strength of capelin year-classes in the correlation analyses (Ushakov and Shamrai, 1995) .
Along with the effect of various natural factors and, in particular, competition with young herring and predation pressure from cod and other species, the adverse effect of heavy fishing mortality on the stock status and age structure of the population has been documented (Luka et al., 1991; Ushakov and Tereshchenko, 1992) . Even regulated fisheries have failed to maintain a minimum level of spawning stock biomass (Ushakov, 2000) , so, to give some chance of predicting future recruitments reliably, the whole complex of all determining factors needs to be taken into account.
Material and methods
This brief review is based on biological data collected for Barents Sea capelin, as well as on data on year-class strength and stock status collected since 1970 during research cruises by PINRO and on joint RussianNorwegian surveys. Analysis of capelin feeding was carried out using a method developed by PINRO, in which stomach fullness is recorded on a 5-level scale. To determine fatness, capelin muscle-tissue samples were examined for fat (expressed as a percentage of body weight). Capelin fishery statistics and the extent of their annual consumption by cod were obtained from information provided by the Northern Pelagic and Blue Whiting Fisheries Working Group (ICES, 2000) .
In joint international surveys conducted by Norway and Russia since 1972, the methodology for investigations has been agreed and, since 1979, data from these investigations have served as the basis for management of the capelin fishery. Prior to 1998 when estimating the total allowable catch (TAC), the minimum allowable level of the spawning stock was considered to be 500 000 t. Since 1999, in keeping with ICES advice, the limit spawning stock biomass (B lim ) has been set at 200 000 t with a 95% probability (ICES, 1999) . Such a level of spawning stock biomass provided for the appearance of a strong year-class in 1989 under optimal environmental conditions. Feeding, competitors, and predators Many researchers have discovered that planktonic crustaceans (Calanus and Euphausiidae) dominate the diet of capelin, throughout all seasons. Summarized longterm data on capelin feeding show that, during winter (November-January), capelin hardly eat. Then, in February, feeding activity intensifies, but it weakens again during the spawning season. In summer and autumn, capelin feed actively and accumulate a lot of fat (Dvinin and Oganesyan, 1986) . Maximum fat content (21% of body weight) is attained by the end of the feeding period in October-November (Table 1) . Successful wintering, maturation, quality of gonads and, correspondingly, year-class strength depend on this accumulation of fat (Shulman, 1972) . In some years, light feeding and low fat accumulation have resulted in the stunted maturation of capelin gonads. For instance, the mean fatness of capelin in September 1992 was 12.2% and in November 1992 it was just 13%, below the long-term mean values (14.6 and 16.9% respectively; Table 1 ). As a result, there was no mass spawning migration of capelin to the coastal areas in spring 1993, and the inshore migration to spawn was delayed to summer (May-June). Similar, intense summer spawning of capelin was also recorded in 1983, 1984, 1989, and from 1995 to 1998 , all years associated with low accumulation of fat during autumn of the preceding years.
Other planktivorous fish in the Barents Sea, specifically polar cod and herring, have a similar food spectrum as capelin. Luka et al. (1991) documented a high index of food similarity between capelin and polar cod (56.7), suggesting considerable competition in their trophic relations. Food competition between capelin and polar cod is particularly inherent in the eastern and northeastern Barents Sea, where their feeding and wintering areas coincide (Panasenko, 1990) .
The coincidence of food spectra and the high index of food similarity between capelin and herring (57.6) also suggests competion (Luka et al., 1991) , but because the feeding areas of herring and capelin do not overlap to the extent that those of polar cod and capelin do, as well as the fact that the herring stock was depleted before that of capelin, competition for food between those two species is less. However, with the appearance of strong herring year-classes in the Barents Sea, the abundance of juvenile (age 1+) capelin drops sharply (Gjøsaeter and Bogstad, 1998) . Examples of this effect were seen in association with the appearance of very strong herring year-classes in 1983 and from 1991 to 1993, capelin abundance at age 1+ being depressed from 1984 to 1986 and from 1993 to 1996.
In addition to planktivorous fish, young cod and other fish species, which in the first year of their life feed mainly on plankton, also compete with capelin for food resources.
Being prey for many predatory fish, marine mammals, and birds, capelin are an important link in the Barents Sea trophic chain (Prokhorov, 1965; Hopkins and Nilssen, 1990; Rass, 1990; Ponomarenko, 1996; Orlova, 1997; Vilhjálmsson, 1997; Gjøsaeter, 1998) . Cod in particular are likely the most abundant consumers of Barents Sea capelin. In the 1960s and 1970s, the frequency with which capelin were found in cod stomachs was highly variable, in some years reaching as high as 53% Yaragina, 1990, 1994) . In the 1980s and 1990s, the same frequency of occurrence increased to 57-61% (Dolgov, 1999) . According to information on the changing stock status and distribution pattern of these two species, consumption of Barents Sea capelin by cod between 1984 and 1999 varied between 200 000 and 4 000 000 t (Mehl, 1987; Dolgov, 1999; ICES, 1999) .
Consumption of capelin by cod is chiefly in the 1st and 3rd quarters of a year. Acoustic surveys carried out between September and early October therefore estimate the residue of the capelin stock after cod and other predators have affected it. The true capelin stock size should therefore be higher than estimated by the surveys, at least by the amount consumed by cod. Correcting capelin stock-size estimates for this amount, the capelin stock between 1984 and 1996 would have been in the range 350 000-11 350 000 t, and capelin consumption by cod would have accounted for 17-89% (42% on average) of the total stock size of capelin in those years (Table 2 ). The heaviest consumption of capelin by cod was in 1985 and 1986 and between 1990 and 1994 . In those years, capelin stocks were subjected to heavy predation by cod, and their biomass was concomitantly depressed (Figure 1 , Table 2 ).
Capelin are also consumed in large quantities by whales, seals, and others (Tomilin, 1962; Chapsky, 1963) . Preliminary data reveal that the annual consumption of capelin by minke whales (Balaenoptera acutorostrata) alone is nearly 142 000 t, and that the annual quantity consumed by harp seals (Pagophilus groenlandicus) ranges from 23 000 to 812 000 t (ICES, 2000) . On this basis, maximum consumption of Barents Sea capelin by cod and marine mammals was during the years 1991-1993, when it reached a massive 2 500 000-4 800 000 t.
A big consumer of capelin in spring is haddock. When capelin stocks are healthy, consumption by haddock may reach 14 000 t annually (Sonina, 1976; Antipova et al., 1990) . Flatfish and redfish also eat capelin in spring (March-April), during their spawning migration (Yanulov, 1963; Kovtsova, 1990) . Further, many seabirds (gulls, guillemots, etc.) feed actively on capelin, particularly in spring, when capelin approach the coast to spawn, as well as during their migration in the open sea (Belopolsky, 1957; Krasnov et al., 1995) . The fishery and its management
The fishery for Barents Sea capelin is conducted mainly by Russia and Norway. Prior to the mid-1960s, capelin were fished only close inshore, and the total annual catch did not exceed 400 000 t. More extensive Russian and Norwegian fisheries in the Barents Sea were initiated during the late 1960s. The capelin fishery was unregulated and conducted in spring on prespawning concentrations in the coastal areas, and in autumn and winter on the feeding grounds. The total catch peaked at 2 900 000 t in 1977; the Russian catch that year alone was 821 000 t ( Figure 2 ). Management, aimed at rational exploitation of the stocks, commenced in 1979 after the establishment of 200-mile zones by coastal states. The status of the capelin population gave cause for concern and fishery managers contrived in the early 1980s to maintain biomass between 2 964 000 and 6 715 000 t, which allowed scientists to recommend an annual TAC of 1 400 000-2 300 000 t (Table 3) . However, in 1985 However, in -1986 , capelin biomass began to spiral rapidly downwards, so in autumn 1986, both Russia and Norway halted their fisheries.
Analyses showed that, prior to 1982, the autumn catches recommended by the Joint Russian-Norwegian Fisheries Commission were smaller than spring catches (Figure 3) . Compared with the spawning stock, autumn catches then constituted about 33.2% on average of the total annual catches. From 1982 to 1984, autumn catches increased, reaching an average of 72.3% of spawning stock biomass between 1982 and 1986 (Table 4) . Such an increase in the autumn fishery meant considerable catches not only of large mature fish, but also of immature juveniles and recruits (Luka et al., 1991) .
Analysis of the spawning stock dynamics at the onset of a spawning season showed that the target of sustaining a minimum allowable spawning stock of the population at 500 000 t was met in only 1973, from 1976 to 1978, and in 1981 and 1982 . In all other years (years both of regulated and unregulated fishery), the spawning stock after the spring fishery (at 1 April) was estimated to have been at levels of <200 000 t (Table 3) . This means that the reduction of capelin by predation was considerably greater than had been anticipated, and that the catches being recommended were far too high.
The 1990s were characterized by a rapid but shortlived rebuilding of the capelin stock between 1990 and 1993, followed by depressed stocks again from 1994 to 1997. The increase of the stock in the early 1990s, to 7 000 000 t, was prompted by the appearance of a strong 1989 year-class as a result of extremely favourable ecological conditions. The status of the capelin stock in those years allowed the fishery to be resumed, with annual TACs of 1 100 000 t in 1991 and 1992 and 660 000 t in spring 1993. Cautious management of the fishery maintained the spawning stock at the onset of spawning at levels of 1 582 000 t in 1991 and 996 000 t in 1992, well above the target 500 000 t. On the other hand, during the same period, increases in cod and haddock stocks exerted increased natural mortality on capelin stocks, M being 0.29 in 1991 and 2.40 in 1993 (Table 3) . Therefore, year-classes that appeared in those years were small owing to unfavourable conditions for their survival. Moreover, as a result of natural mortality of the single strong year-class in the period (1989), the Barents Sea capelin stock was again on the verge of collapse. This again prompted the authorities to halt commercial fishing, this time from autumn 1993 through 1998. Rebuilding of the capelin stock in the 1990s was slow, and only the appearance of strong year-classes in 1997, 1998, and 1999 (all arising from small spawning stocks, but associated with good conditions for survival of young capelin) resulted in the stock biomass gradually increasing, from 2 000 000 t in 1998 to 4 300 000 t in 2000. The spawning stock biomass in the same years increased from 900 000 to 2 100 000 t. The increase in spawning stock biomass allowed ICES to advise resuming the capelin fishery in spring 1999 with a TAC of Table 3 . Dynamics of the stock, recruitment, and mortality of capelin, 1973 capelin, -2000 capelin, (after ICES, 1995 capelin, , 1999 capelin, , 2000 Under stock-rebuilding plans, autumn fishing for capelin is not recommended. However, should the stock stabilize at a size of 5 000 000-7 000 000 t, with a spawning stock biomass not lower than 2 000 000 t, resumption of the autumn and winter (October-November) fishery would be possible provided the population structure has become a multi-age one in which catches are dominated by fish of ages 3 and 4. However, the autumn fishery must always be considerably restricted, catches never again being allowed to exceed those taken in spring.
The data presented indicate wide fluctuations in population abundance. Therefore, any future exploitation of the capelin stock should be with due regard for the need to keep the reproductive part of the stock sufficient and to maintain an adequate food supply for other species (Tretyak et al., 1989) . In our opinion, retention of a limit spawning stock biomass (B lim ) will not provide for adequate reproduction of the species. A cautious and preferred approach would rather be to maintain the minimum allowable spawning stock not at B lim , but at a level optimal for reproduction of the population. The criterion for such a level is a spawning stock biomass of 1 100 000-1 300 000 t, ensuring a minimum required population fecundity and allowing for natural dynamics in the appearance of year-classes under different environmental conditions (Ushakov, 2000; Tereshchenko, 2002 ).
In conclusion
As food for cod and other commercial fish species, marine mammals, and birds, capelin are an important link in the Barents Sea ecosystem. The size of the Barents Sea capelin stocks results from a complex of abiotic (seasonal and annual variations in oceanographic conditions) and biotic factors (food supply, trophic competitors, and predators), so it depends to a great extent on the depredations of both consumers and the fishery.
Recognizing the importance of capelin to the Barents Sea ecosystem, it is clear that as far as possible one must, when estimating stock size and expected catch, take into account all factors that affect the dynamics of capelin abundance.
Post hoc analysis has shown that, from 1973 to 1984, the recommended catches of capelin were often too large and that the minimum allowable spawning stock retained was evidently insufficient. Therefore, for future fishery management it is proposed that the minimum allowable spawning stock biomass be maintained at a level of 1 100 000-1 300 000 t, which would be optimal for reproduction. Such a spawning stock would likely ensure a minimum required population fecundity and support the natural dynamics of year-class appearance under different ecological conditions. Taking into account the need for the precautionary approach to be adopted in fishery management, such a level of minimum allowable spawning stock seems to be a more reliable criterion than the B lim used at present, which historically has provided for the appearance of a strong year-class merely under maximum favourable environmental conditions.
Resumption of the autumn fishery would be possible only upon the stabilization of the total and spawning stocks at levels of 5 000 000-7 000 000 and 2 000 000-4 000 000 t respectively, and with the restoration of a multi-age population structure. 
